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22.1
Introduction and Mechanistic Considerations

The development of direct catalytic methods for reductive carbon–carbon bond
formation has emerged as the subject of intensive investigation [1–10]. The cata-
lytic hydrometallative reductive coupling of alkenes [1], alkynes [2, 3], allenes [4],
conjugated enones [5–7], conjugated dienes [8–10] and conjugated enynes [11] to
carbonyl partners and imines has been achieved using silanes, stannanes, bor-
anes and alanes as terminal reductant. The use of such terminal reductants
mandates stoichiometric byproduct generation. Related hydrogen-mediated
transformations would proceed with complete levels of atom economy [12].
However, while metal catalysts capable of reversible transfer hydrogenation have
been applied to the development of C–C bond formations predicated on dehy-
drogenation-trapping-rehydrogenation [13], true hydrogen-mediated reductive C–
C bond formations only have been achieved for processes involving migratory
insertion of carbon monoxide, for example, alkene hydroformylation and the
Fischer-Tropsch reaction [14, 15].

The question persists as to whether the organometallic intermediates that ap-
pear transiently during the course of catalytic hydrogenation can be intercepted
and re-routed to products of C–C bond formation. In the case of rhodium-catalyzed
alkene hydroformylation, a key feature appears to be the involvement of mono-hy-
dride-based catalytic cycles, wherein the formation of (alkyl)(hydrido)metal inter-
mediates occurs subsequent to C–C bond formation. In contrast, conventional dihy-
dride-based hydrogenation cycles generally afford (alkyl)(hydrido)metal intermedi-
ates in advance of potential C–C bond formation. For such dihydride-based hydro-
genation cycles, the capture of hydrogenation intermediates is likely untenable due
to rapid C–H reductive elimination. This may account, in part, for the exceptional
rarity of hydrogen-mediated C–C bond formation in the absence of carbon mon-
oxide [15].

Recent studies from our laboratory demonstrate the feasibility of hydrogen-
mediated C–C bond formation under “CO-free conditions.” Here, at least two
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distinct mechanistic pathways potentially operate. Initial studies on hydrogen-
mediated reductive aldol coupling demonstrate that conventional hydrogenation
pathways are suppressed through the use of cationic rhodium precatalysts in
the presence of a mild base. Such conditions are believed to promote heterolytic
hydrogen activation (H2+M–X�M–H+HX) [16, 20]. Monohydride-mediated hy-
drometallation should furnish organometallic species that do not possess hy-
dride ligands, disabling direct C–H reductive elimination manifolds and extend-
ing the lifetimes of the organometallic intermediates obtained upon hydrometal-
lation to facilitate their capture. Hence, one strategy for hydrogen-mediated C–C
bond formation involves the hydrogenation of reactants using catalysts that op-
erate via monohydride-based catalytic cycles. A second strategy for hydrogen-
mediated C–C bond formations takes advantage of the fact that hydrogen activa-
tion can be quite slow for certain conventional hydrogenation catalysts. Here,
oxidative coupling of the reacting partners prior to hydrogenation activation be-
comes feasible [17] (Scheme 22.1).

Among homogeneous hydrogenation catalysts, those based on rhodium are
especially well studied [18–20, 28]. Whereas neutral rhodium(I)-complexes such
as Wilkinson’s catalyst induce homolytic hydrogen activation [18, 19], the use of
cationic rhodium(I) complexes in conjunction with basic additives is believed to
promote heterolytic activation pathways [20]. Heterolytic hydrogen activation by
cationic rhodium complexes presumably is owed to the enhanced acidity of the
cationic dihydrides that result upon oxidative addition in comparison to their
neutral counterparts [21]. Thus, heterolytic hydrogen activation is believed to oc-
cur through a two-stage process involving hydrogen oxidative addition followed
by base-induced H–X reductive elimination [22] (Scheme 22.2).

Hydrogen activation is rate-determining for enantioselective hydrogenations
employing cationic rhodium catalysts [28]. This observation is significant given
that closely related cationic rhodium(I) complexes are known to catalyze a variety
of C–C bond formations believed to proceed through the initial oxidative coupling
of �-unsaturated partners to furnish metallocyclic intermediates [17]. Accordingly,
tandem oxidative coupling-metallocycle hydrogenolysis strategies toward hydro-
gen-mediated C–C bond formation have proven fruitful (vide supra).

Here, a comprehensive overview of hydrogen-mediated C–C bond formation
under CO-free conditions is presented [23]. This emergent family of reductive
couplings now encompasses:
� the intra- and intermolecular reductive coupling of enone and enal pronucleo-

philes with aldehyde and ketone partners [24];
� the intermolecular reductive coupling of 1,3-cyclohexadiene with �-ketoalde-

hydes [25];
� the intermolecular reductive coupling of 1,3-enynes and 1,3-diynes with �-ke-

toaldehydes and iminoacetates [26]; and
� the reductive cyclization of 1,6-diynes and 1,6-enynes [27].

These results establish catalytic hydrogenation as a powerful and mechanisti-
cally novel means of catalytic C–C bond formation, and support the feasibility
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of developing a broad new class of catalytic reductive C–C bond formations
(Scheme 22.3).

22.2
Reductive Coupling of Conjugated Enones and Aldehydes

22.2.1
Intramolecular Reductive Aldolization

Initial studies pertaining to the Rh-catalyzed aldol cycloreduction under hydroge-
nation conditions are consistent with the bifurcated catalytic mechanism depicted
in Schemes 22.1 and 22.4 [24 a]. Catalytic hydrogenation of the indicated enone-al-
dehyde using the neutral complex Rh(PPh3)3Cl provides only trace quantities of
the aldol product due to competitive 1,4-reduction via conventional hydrogenation.
In contrast, rhodium salts that embody increased cationic character, such as
RhI(COD)2OTf, provide almost equal proportions of aldol and 1,4-reduction prod-
ucts. Finally, when RhI(COD)2OTf is used in conjunction with substoichiometric
quantities of the mildly basic additive potassium acetate, the proportion of aldol
product is increased such that simple 1,4-reduction manifolds are nearly fully sup-
pressed. The observed syn-diastereoselectivity suggests intermediacy of a Z-enolate
and a Zimmerman-Traxler-type transition state. These optimized conditions
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Scheme 22.2 Formal heterolytic hydrogen activation via
deprotonation of a dihydride intermediate.

Scheme 22.3 Hydrogen-mediated C–C bond formations catalyzed by rhodium.

LnRh + HX (Base)



proved general for the cycloreduction of aromatic, heteroaromatic and aliphatic
enone substrates to form five- and six-membered ring products (Table 22.1).

The pronounced effect of basic additives on partitioning of the aldolization
and 1,4-reduction manifolds suggests that enolate-hydrogen reductive elimina-
tion pathways are disabled through deprotonation of the (hydrido)metal inter-
mediates LnRhIIIX(H)2 or (enolato)RhIIIX(H)Ln. Thus, as proposed by Osborn
and Schrock [20], deprotonation shifts the catalytic mechanism from a dihy-
dride-based cycle to a monohydride-based cycle. In the former case, 1,4-reduc-
tion products would predominate. In the latter case, owing to the absence of (al-
kyl)(hydrido)rhodium intermediates, capture of the rhodium enolate through its
addition to the appendant aldehyde is facilitated. The following control experi-
ments were performed. Exposure of the simple 1,4-reduction product to the re-
action conditions does not result in aldolization. Conversely, re-exposure of the
aldol product to the reaction conditions does not result in retroaldolization. Fi-
nally, exposure of the substrate to standard reaction conditions in the absence of
hydrogen does not afford products of Morita-Baylis-Hillman cyclization. For the
sake of clarity, the catalytic mechanism indicated in Scheme 22.4 has been sim-
plified. For example, equilibria involving association of the substrate to the cata-
lyst prior to hydrogen activation are omitted, although such equilibria are
known to be an important feature of the enantioselective hydrogenation of dehy-
droamino acids employing cationic rhodium catalysts [28] (Scheme 22.4).
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Table 22.1 Partitioning of aldolization and 1,4-reduction pathways depends
critically on the use of cationic Rh-complexes and mildly basic additives. a)

Substrate Catalyst Ligand Additive (mol%) Yield Aldol
(Syn-Anti)

Yield 1,4-
Reduction

n= 2, R= Ph Rh(PPh3)Cl – – 1% (99 :1) 95%
n= 2, R= Ph Rh(COD)2OTf PPh3 – 21% (99 :1) 25%
n= 2, R= Ph Rh(COD)2OTf PPh3 KOAc (30%) 59% (58 :1) 21%
n= 2, R= Ph Rh(COD)2OTf (p-CF3Ph)3P – 57% (14 :1) 22%
n= 2, R= Ph Rh(COD)2OTf (p-CF3Ph)3P KOAc (30%) 89% (10 : 1) 0.1%
n=2, R= p-MeOPh Rh(COD)2OTf (p-CF3Ph)3P KOAc (30%) 74% (5 :1) 3%
n= 2, R= 2-Naphthyl Rh(COD)2OTf (p-CF3Ph)3P KOAc (30%) 90% (10 :1) 1%
n= 2, R= 2-thiophenyl Rh(COD)2OTf (p-CF3Ph)3P KOAc (30%) 76% (19 :1) 2%
n= 2, R= 2-Furyl Rh(COD)2OTf (p-CF3Ph)3P KOAc (30%) 70% (6 :1) 10%
n= 1, R= Ph Rh(COD)2OTf (p-CF3Ph)3P KOAc (30%) 71% (24 :1) 1%
n= 2, R= CH3 Rh(COD)2OTf (p-CF3Ph)3P KOAc (30%) 65% (1 :5) –

a) As product ratios were found to vary with surface to volume ratio of the reaction
mixture, all transformations were conducted on 1.48 mmol scale in 50 mL round
bottomed flasks.



In order to explore the scope of this hydrogen-mediated aldol addition meth-
odology, additions to ketone acceptors were explored. Because ketones are less
electrophilic than aldehydes, competitive conventional hydrogenation was antici-
pated to be problematic. Indeed, upon exposure of keto-enones to basic hydroge-
nation conditions, the formation of five- and six-membered ring aldol products
is accompanied by substantial quantities of conventional hydrogenation prod-
ucts. As retro-aldolization does not occur upon resubmission of the aldol prod-
ucts to the reaction conditions, enone hydrogenation must occur prior to carbo-
nyl addition. Nevertheless, serviceable yields of the ketone aldol products are ob-
tained. Moreover, very high levels of syn-diastereoselectivity are observed, which
again are attributed to the intermediacy of a Z-enolate and a Zimmerman-Trax-
ler-type transition state. While aldolization proceeds readily at ambient tempera-
ture, more reproducible ratios of aldol and 1,4-reduction product are observed at
80 �C [24 b] (Table 22.2).

In order to gain further insight into the reaction mechanism, the indicated
oxygen-tethered keto-enone was subjected to basic hydrogenation conditions un-
der 1 atmos. elemental deuterium. Deuterium incorporation is observed at the
former enone �-position exclusively. In addition to mono-deuterated material
(81% composition), doubly-deuterated (8% composition) and non-deuterated
materials (11% composition) are observed. These data suggest reversible hydro-
metallation in the case of keto-enone substrates. Consistent with the mecha-
nism depicted in Scheme 22.4, deuterium is not incorporated at the �-position
of the aldol product [24 b] (Scheme 22.5).

For the cycloreduction of keto-enones, competitive 1,4-reduction in response
to the reduced electrophilicity of the carbonyl partner is observed. Diones are
more susceptible to addition by viture of inductive effects and the relief of di-
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Scheme 22.4 A bifurcated mechanism accounting for the effect of basic additives.



pole-dipole interactions. Accordingly, catalytic hydrogenation of dione-containing
substrates affords the corresponding aldol products in good yield and with excel-
lent syn-diastereoselectivity for both benzoyl- and acetyl-containing enones. Sim-
ple 1,4-reduction only accompanies formation of the strained cis-decalone ring
system [24 b] (Scheme 22.6).

22.2 Reductive Coupling of Conjugated Enones and Aldehydes 719

Table 22.2 Catalytic hydrogen-mediated reductive aldol cyclization of keto-enones.

Scheme 22.5 Deuterium-labeling studies suggest reversible
hydrometallation for keto-enone substrates.

Scheme 22.6 Catalytic hydrogen-mediated reductive aldol cyclization of enone-diones.

a) As product ratios were found to vary with surface-to-volume ratio of the reaction
mixture, all transformations were conducted on 1.48 mmol scale in 13� 100-mm
sealed test tubes.



Perhaps the most elusive variant of the aldol reaction involves the addition of
metallo-aldehyde enolates to ketones. A single stoichiometric variant of this
transformation is known [29]. As aldolization is driven by chelation, intramolec-
ular addition to afford a robust transition metal aldolate should bias the enolate-
aldolate equilibria toward the latter [30, 31]. Indeed, upon exposure to basic hy-
drogenation conditions, keto-enal substrates provide the corresponding cycloal-
dol products, though competitive 1,4-reduction is observed (Scheme 22.7) [24 d].

22.2.2
Intermolecular Reductive Aldolization

In principle, the presumed rhodium(I) enolates that occur transiently during
the course of enone hydrogenation may: (i) engage in aldolization; or (ii) hydro-
genolytically cleave via oxidative addition of hydrogen followed by reductive
elimination. In principle, intermolecular capture of such hydrogenation inter-
mediates should suffer due to increasingly competitive conventional hydrogena-
tion. In practice, only a modest excess of vinyl ketone is required to offset con-
ventional hydrogenation manifolds. For example, hydrogenation of phenyl vinyl
ketone (PVK) (150 mol%) in the presence of aromatic and heteroaromatic alde-
hydes (100 mol%) provides good yields of the corresponding aldol products. As
PVK is prone toward anionic polymerization, these results are especially note-
worthy. Consistent with the bifurcated mechanism depicted in Scheme 22.4, the
addition of potassium acetate significantly increases the yield of aldol product
(Table 22.3) [24a].

In the case of methyl vinyl ketone (MVK), similar reactivity is observed. Expo-
sure of MVK (150 mol%) and p-nitrobenzaldehyde to basic hydrogenation condi-
tions provides the corresponding aldol product in good yield, though poor dia-
stereoselectivity is observed [24 a]. Remarkably, upon use of tris(2-furyl)phos-
phine as ligand and Li2CO3 as basic additive, the same aldol product is formed
with high levels of syn-selectivity [24e]. Addition of MVK to activated ketones
such as 1-(3-bromophenyl)propane-1,2-dione is accomplished under similar con-
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Scheme 22.7 Catalytic addition of metallo-aldehyde enolates to ketones.



ditions [24e]. Notably, neither reduction of the nitro group or aryl bromide is
observed (Scheme 22.8).]

Intermolecular cross aldolization of metallo-aldehyde enolates typically suffers
from polyaldolization, product dehydration and competitive Tishchenko-type pro-
cesses [32]. While such cross-aldolizations have been achieved through amine cat-
alysis and the use of aldehyde-derived enol silanes [33], the use of aldehyde enolates
in this capacity is otherwise undeveloped. Under hydrogenation conditions, acro-
lein and crotonaldehyde serve as metallo-aldehyde enolate precursors, participating
in selective cross-aldolization with �-ketoaldehydes [24c]. The resulting �-hydroxy-�-
ketoaldehydes are highly unstable, but may be trapped in situ through the addition
of methanolic hydrazine to afford 3,5-disubstituted pyridazines (Table 22.4).

To corroborate the proposed mechanism, the catalytic reductive aldol coupling
of acrolein with phenyl glyoxal monohydrate was performed under 1 atmos. ele-
mental deuterium. Exposure of the aldol product to excess hydrazine in situ re-
sults in formation of the pyridazine, which incorporates precisely one deuter-
ium atom in a manner consistent with the general mechanism proposed in
Scheme 22.4 (Scheme 22.9).

Thus far, the use of acrylates and related acyl derivatives as nucleophilic part-
ners in hydrogen-mediated reductive aldol coupling has been unsuccessful due
to competitive conventional hydrogenation. Although the mechanistic basis of
these results remains unclear, it may be speculated that for acrylates and struc-
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Table 22.3 Use of phenyl vinyl ketone (PVK) in intermolecular
hydrogen-mediated reductive aldol coupling.

(syn:anti)

a) As product ratios were found to vary with surface-to-volume
ratio of the reaction mixture, all transformations were con-
ducted on 1.0 mmol scale in 50-mL round-bottomed flasks.
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Table 22.4 Use of acrolein and crotonaldehyde in inter-
molecular hydrogen-mediated reductive aldol coupling.

Scheme 22.8 Use of methyl vinyl ketone (MVK) in
intermolecular hydrogen-mediated reductive aldol coupling. a)

a) As product ratios were found to vary with surface-to-volume ratio of the reaction
mixture, all transformations were conducted on 1.0 mmol scale in 50-mL round-
bottomed flasks.

a) As product ratios were found to vary with surface-to-volume
ratio of the reaction mixture, all transformations were
conducted on 1.0 mmol scale in 50-mL round-bottomed
flasks.



tural relatives possessing heteroatom substitution at the acyl position, the hapto-
meric equilibrium pertaining to the O-bound and C-bound forms of the rhodiu-
m(I) enolate is biased toward the latter. As aldol addition should occur by way
of the O-bound enolate in accordance with the Zimmerman-Traxler model, the
intervention of a C-bound enolate may diminish the rate of aldolization to the
point that competitive conventional hydrogenation predominates.

22.3
Reductive Coupling of 1,3-Cyclohexadiene and �-Ketoaldehydes

Given the structural homology of conjugated enones and 1,3-dienes, the reductive
coupling of 1,3-cyclohexadiene and phenyl glyoxal was examined under hydroge-
nation conditions [22]. Optimization studies again reveal the requirement of cat-
ionic rhodium catalysts. Whereas hydrogenation of 1,3-cyclohexadiene and phenyl
glyoxal using Wilkinson’s catalyst provides products of simple reduction, a 61%
yield of reductive coupling product is obtained using Rh(COD)2OTf with PPh3

as ligand. When (p-CH3OPh)3P is employed as ligand, the yield of coupling prod-
uct increases to 77%. Related cationic complexes, such as Rh(COD)2BF4, exhibit
similar efficiencies when used in conjunction with (p-CH3OPh)3P. Under opti-
mized conditions, the catalytic reductive coupling of 1,3-cyclohexadiene with di-

22.3 Reductive Coupling of 1,3-Cyclohexadiene and �-Ketoaldehydes 723

a) As product ratios were found to vary with surface-to-volume ratio of the reaction
mixture, all transformations were conducted on 1.0 mmol scale in 50-mL round-
bottomed flasks.

Scheme 22.9 Intermolecular reductive aldol coupling of
acrolein and phenyl glyoxal under a D2 atmosphere. a)

Scheme 22.10 Attempted reductive aldol coupling of ethyl
acrylate and related acyl derivatives.



verse �-ketoaldehydes was examined. Aryl, heteroaryl and aliphatic �-ketoalde-
hydes provide reductive coupling products in good yield. Notably, basic additives
are not required, suggesting that heterolytic hydrogen activation may not be opera-
tive (Table 22.5).

Deuterium-labeling studies reveal that the reductive coupling of 1,3-cyclohexa-
diene with �-ketoaldehydes occurs through a mechanism very different than
that postulated for related enone-aldehyde couplings. Reductive coupling of 1,3-
cyclohexadiene with 2-naphthyl glyoxal under an atmosphere of D2(g) results in
the incorporation of precisely two deuterium atoms as an equimolar distribution
of 1,2- and 1,4-regioisomers. The relative stereochemistry of the deuterated ma-
terials could not be assigned (Scheme 22.11).
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Table 22.5 Catalytic reductive coupling of 1,3-cyclohexadiene
with alkyl, aryl and heteroaryl �-ketoaldehydes.

Entry Catalyst (mol%) Ligand (mol%) Yiedl (%)

1 Rh(PPh3)3Cl (10%) – –
2 Rh(COD)2OTf (10%) Ph3P (20%) 61
3 Rh(COD)2OTf (10%) (p-CF3Ph)3P (20%) 24
4 Rh(COD)2OTf (10%) (p-CH3OPh)3P (20%) 77
5 Rh(COD)2BF4 (10%) (p-CH3OPh)3P (20%) 79
6 Rh(COD)2OTf4 (5%) (p-CH3OPh)3P (10%) 76

Scheme 22.11 Reductive coupling of 1,3-cyclohexadiene
and 2-naphthyl glyoxal under an atmosphere of D2(g).



22.3 Reductive Coupling of 1,3-Cyclohexadiene and �-Ketoaldehydes 725

Scheme 22.12 Possible mechanisms for the reductive
coupling of 1,3-cyclohexadiene and 2-naphthyl glyoxal under
an atmosphere of D2(g).



The mechanism initially proposed involves diene hydrometallation from a
monohydride derived via heterolytic hydrogen activation (Scheme 22.12, upper).
Here, diene deuterometallation gives rise to a homo-allyl rhodium intermediate,
which engages in carbonyl addition to afford a rhodium alkoxide. The indicated
regiochemistry of C–C bond formation is consistent with that observed by Loh
in the nickel-catalyzed reductive coupling of 1,3-cyclohexadiene with aldehydes
[9e]. Additionally, as observed by Mori, the presence of 1,3-cyclohexadiene in-
duces 1,4-regiochemistry in nickel-promoted diene-aldehyde cyclizations [8b].
Allylic C–H insertion provides a rhodium(III) �-allyl, which upon O–H reduc-
tive elimination gives rise to a rhodium(I) �-allyl. Similar allylic C–H insertions
are observed in metal-catalyzed alkene isomerization [34]. Finally, oxidative addi-
tion of elemental deuterium followed by C–D reductive elimination completes
the catalytic cycle. The intermediacy of rhodium a �-allyl is required to account
for the incorporation of precisely two deuterium atoms as an equimolar distri-
bution of 1,2- and 1,4-regioisomers (Scheme 22.12, upper).

A related mechanistic proposal involves diene-glyoxal oxidative coupling
(Scheme 22.12, lower). Here, complexation by low-valent rhodium(I) confers nu-
cleophilic character to the bound diene via backbonding, as suggested by the De-
war-Chatt-Duncanson model for alkene coordination [35]. For low-valent early tran-
sition metals, such “back-bonding” is driven by the stability associated with a d0-
electronic configuration. For example, as demonstrated by the Kulinkovich reac-
tion, complexation of olefins by Ti(II) causes them to behave as vicinal dianions:
Ti(II)(olefin) �Ti(IV)(metallocyclopropane) [36]. For late transition metals, the
driving force associated with attaining a noble gas electronic configuration is ab-
sent, perhaps accounting for the requirement of highly activated electrophilic part-
ners such as �-ketoaldehydes. In any case, addition of the diene to the glyoxal pro-
vides the formal product of oxidative coupling. This oxarhodacycle may react with
deuterium via sigma bond metathesis to afford a rhodium alkoxide, which abstracts
an allylic hydrogen to provide a rhodium �-allyl complex. Subsequent C–D reduc-
tive elimination delivers the dideuterated products as an equimolar distribution of
regioisomers (Scheme 22.12, lower). Recently, this diene-glyoxal coupling was per-
formed under an atmosphere of HD(g) as the terminal reductant. The coupling
product was found to incorporate a single molecule of deuterium, distributed over
the same three carbons found when D2(g) was used as reductant. These data dis-
qualify the initially disclosed hydrometallative mechanism, and strongly support
the latter mechanism involving direct oxidative coupling.

22.4
Reductive Coupling of Conjugated Enynes and Diynes
with Activated Aldehydes and Imines

The reductive coupling of 1,3-cyclohexadiene and �-ketoaldehydes, which occurs
without over-reduction of the olefinic product, suggests the feasibility of utiliz-
ing more highly unsaturated pronucleophiles in the form of 1,3-enynes. In the
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event, the reaction conditions optimized for the cyclohexadiene-�-ketoaldehyde
couplings, which employ (p-MeOPh)3P as ligand, proved ineffective at promot-
ing the coupling of 1-phenylbut-3-en-1-yne and phenyl glyoxal. However, under
otherwise identical conditions, the use of bidentate ligands such as BIPHEP
provides the products of reductive coupling in excellent yield. Under optimized
conditions, the coupling proceeds smoothly to afford diene-containing products
as single regio- and stereoisomers. Over-reduction of the diene-containing prod-
ucts is not observed. Presumably, upon complete consumption of glyoxal, excess
enyne nonproductively coordinates rhodium, dramatically retarding the rate of
any further reduction. As for the diene couplings, basic additives are not re-
quired. Additionally, reductive coupling fails upon use of neutral Rh(I) precata-
lysts, such as [Rh(COD)Cl]2 (Scheme 22.13, Table 22.6).

Catalytic reductive coupling of 1-phenyl but-3-en-1-yne with phenyl glyoxal
conducted under 1 atmos. elemental deuterium provides the mono-deuterated
product in 85% yield. It is instructive to compare hydrometallative and oxidative
coupling mechanisms involving both heterolytic and homolytic deuterium acti-
vation. For the hydrometallative mechanism involving heterolytic deuterium ac-
tivation, direct alkyne deuterometallation to afford the vinyl rhodium intermedi-
ate is followed by carbonyl addition and hydrogenolytic cleavage of the resulting
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Scheme 22.13 Reductive coupling of 1-phenyl but-3-en-1-yne with phenyl glyoxal.

Table 22.6 Reductive coupling of assorted 1,3-enynes
with alkyl, aryl and heteroaryl �-ketoaldehydes.
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Rh(I)-alkoxide. Notably, this mechanism requires deuterometallation to occur
with complete regioselection (Scheme 22.14, top-left). The corresponding hydro-
metallative mechanism involving homolytic deuterium activation also requires
completely regioselective deuterometallation. Moreover, carbonyl addition must
compete favorably with C–D reductive elimination (Scheme 22.14, bottom-left).
A mechanism involving heterolytic hydrogen activation followed by oxidative
coupling of the reactants is plausible. Here, C–D reductive elimination of the re-
sulting (hydrido)Rh(III)-oxametallocyclopentene followed by hydrogenolytic
cleavage of rhodium alkoxide completes the catalytic cycle (Scheme 22.14, top-
right). Finally, direct oxidative coupling of the reactants with subsequent hydro-
genolytic cleavage of the resulting metallocycle may be envisaged. This latter
mechanism requires deuterium activation by a rhodium(III) intermediate. An
increasing body of evidence supports participation of organorhodium(III) com-
plexes in �-bond metathesis pathways [37], including reactions with hydrogen
[37c]. In the case of the hydrometallative mechanisms, C–H bond formation
precedes C–C bond formation. In the case of the oxidative coupling mecha-
nisms, the converse is true. The oxidative coupling mechanism better accounts
for the regiochemistry of reductive coupling and is preferred on the basis of re-
lated mechanistic studies (vide supra). In principle, it should be possible to dis-
criminate between heterolytic and homolytic hydrogen activation modes via H2–
D2 and HD isotope crossover experiments. However, rapid exchange of the hy-
droxylic protons and deuterons under the reaction conditions renders this pro-
spect untenable (Scheme 22.14).

1,3-Diynes also participate in highly regio- and stereoselective reductive cou-
plings to aryl, heteroaryl and aliphatic glyoxals under catalytic hydrogenation
conditions [26b]. Unlike the corresponding reaction of 1,3-enynes, both mono-
and bis(phosphines) may serve as ligands. Consistent with the requirement of
cationic rhodium(I) catalysts, Rh(COD)2OTf and Rh(COD)2BF4 are viable cata-
lysts, while Rh(PPh3)3Cl is not. Remarkably, formation of the highly unsatu-
rated 1,3-enyne products is not accompanied by over-reduction. As previously
stated, it would appear that upon complete consumption of glyoxal, excess en-
yne nonproductively coordinates rhodium, retarding the rate of further reduc-
tion. Reductive coupling performed under an atmosphere of D2 provides the in-
dicated mono-deuterated product. This result may be interpreted on the basis of
the mechanisms outlined in Scheme 22.14 (Scheme 22.15).
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Scheme 22.15 Reductive coupling of diphenylbutadiyne with phenyl glyoxal.



A highly enantioselective variant of this transformation has been developed
using the commercially available chiral bis(phosphine) (R)-Cl-MeO-BIPHEP. Op-
timization studies pertaining to the enantioselective transformation reveal that
high levels of asymmetric induction are critically dependent upon the dihedral
angle of the diphenylphosphino moieties of the ligand. Under optimized condi-
tions, coupling products are produced in 71–77% yield and 86–95% enantio-
meric excess. Notably, highly enantioselective C–C bond formation is achieved
at ambient temperature and pressure (Table 22.7).

Under optimum conditions identified for enantioselective coupling, non-sym-
metric 1,3-diynes react with marked levels of regioselectivity. Specifically, for 1-
phenyl-4-alkyl 1,3-diynes, coupling occurs preferentially at the aromatic termi-
nus (Table 22.8). Competition experiments provide some insight into the me-
chanistic basis for such regioselectivity. Catalytic hydrogenation of phenyl glyox-
al in the presence of equimolar quantities of 1,4-diphenylbutadiene and 1,4-di-
phenylbut-3-en-1-yne results in coupling to the more highly unsaturated enyne
partner. Similarly, catalytic hydrogenation of phenyl glyoxal in the presence of
equimolar quantities of 1,4-diphenylbut-3-en-1-yne and 1,4-diphenylbutadiyne
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Table 22.7 Enantioselective catalytic reductive coupling
of 1,3-diynes with alkyl, aryl and heteroaryl �-ketoaldehydes.

Entry Ligand Solvent Yield (%) e.e. (%)

1 (R)-BINAP DCE 72 47
2 (R)-Phanephos DCE 79 67
3 (R)-Cl-OMe-BIPHEP DCE 74 76
4 (R)-Cl-OMe-BIPHEP EtOH 69 80
5 (R)-Cl-OMe-BIPHEP THF 67 82
6 (R)-Cl-OMe-BIPHEP PhH 74 91



results in coupling to the more highly unsaturated diyne partner. Chemoselec-
tive coupling to the more highly unsaturated pronucleophile suggests preferen-
tial coordination of low-valent rhodium to the most �-acidic reactant. Moreover,
for non-symmetric 1,3-diynes, regioselective C–C bond formation occurs at the
terminus of the diyne that embodies the lowest LUMO energy. Hence, the che-
mo- and regioselectivity of reductive coupling may be explained by the Dewar-
Chatt-Duncanson model for alkyne coordination [35] – that is, coordination of
low-valent rhodium is driven by backbonding, with nucleophilic character devel-
oping at positions where backbonding occurs most effectively (Scheme 22.16).

Rhodium-catalyzed hydrogenation of 1,3-enynes and 1,3-diynes in the pres-
ence of ethyl (N-tert-butanesulfinyl)iminoacetate and ethyl (N-2,4,6-triisopropyl-
benzenesulfinyl)iminoacetate, respectively, results in reductive coupling to afford
unsaturated �-amino acid esters in good to excellent yields with exceptional lev-
els of stereocontrol [26 c] (Tables 22.9 and 22.10). Remarkably, the reductive cou-
pling of non-symmetric 1,3-diynes to iminoacetates occurs with complete levels
of regioselectivity. Further hydrogenation of the diene side chain using Wilkin-
son’s catalyst provides the corresponding �,�-unsaturated amino acid esters. Ex-
haustive hydrogenation of both the diene- and enyne-containing side chains
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Table 22.8 Regioselective reductive coupling of non-symmetric 1,3-diynes
to various �-ketoaldehydes.

Scheme 22.16 Competition experiments reveal reductive
coupling occurs chemoselectively with the strongest �-acid.
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Table 22.9 Reductive coupling of 1,3-enynes with ethyl (N-tert-butanesulfinyl)iminoacetate.

Table 22.10 Reductive coupling of 1,3-diynes with ethyl
(N-2,4,6-triisopropylbenzenesulfinyl)iminoacetate.

a) Rh(PPh3)3Cl (10 mol%), H2 (1 atm), toluene, 25 �C, 18 h.



using Crabtree’s catalyst also proceeds readily. However, the N-tert-butanesulfinyl
residue must be exchanged for a carbamate protecting group (Scheme 22.17).

22.5
Reductive Cyclization of 1,6-Diynes and 1,6-Enynes

Hydrogenation of 1,6-diynes using cationic rhodium precatalysts promotes re-
ductive cyclization to afford 1,2-dialkylidenecycloalkane products. As for all hy-
drogen-mediated C–C bond formations described in this account, cationic rho-
dium precatalysts are required. Whereas reductive cyclization proceeds readily
using Rh(COD)2OTf and Rh(COD)2BF4, the neutral precatalyst [Rh(COD)Cl]2 is
ineffective (Scheme 22.18) [27, 38]. Under optimized conditions, reductive cycli-
zation proceeds smoothly across a range of 1,6-diynes. Near-identical hydrogena-
tion conditions are effective for the reductive cyclization of 1,6-enynes [39, 40].
Notably, conformationally predisposed substrates possessing geminal substitu-
tion in the tether are not necessary (Table 22.11).

Enantioselective hydrogenation of 1,6-enynes using chirally modified cationic
rhodium precatalysts enables enantioselective reductive cyclization to afford alky-
lidene-substituted carbocycles and heterocycles [27 b, 41, 42]. Good to excellent
yields and exceptional levels of asymmetric induction are observed across a struc-
turally diverse set of substrates. For systems that embody 1,2-disubstituted alkenes,
competitive �-hydride elimination en route to products of cycloisomerization is ob-
served. However, related enone-containing substrates cannot engage in �-hydride
elimination, and undergo reductive cyclization in good yield (Table 22.12).

The products of reductive cyclization incorporate two non-exchangeable hydro-
gen atoms. Homolytic and heterolytic hydrogen activation pathways may now be
discriminated on the basis of hydrogen-deuterium crossover experiments. Reduc-
tive cyclization of the indicated nitrogen-tethered enyne under a mixed atmosphere
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Scheme 22.17 Exhaustive hydrogenation of diene- and enyne-
containing reductive coupling products using Crabtree’s
catalyst.



of H2 and D2 or under an atmosphere of DH does not provide crossover products,
in accordance with homolytic hydrogen activation. Interestingly, exposure of re-
lated systems incorporating a cis-1,2-disubstituted alkene to identical conditions
under a D2 atmosphere does not induce reductive cyclization. Rather, products
of cycloisomerization are formed. A hydrometallative mechanism for cycloisome-
rization would be initiated by D2 oxidative addition and propagated by rhodium
hydrides derived upon �-hydride elimination from intermediate A. Deuterium in-
corporation should occur in the first turnover of the catalytic cycle, yet deuterium
incorporation is not observed, even at stoichiometric catalyst loadings. The extent
of deuterium incorporation for the isotopically labeled reaction products is deter-
mined by electrospray ionization-mass spectrometry (ESI-MS) analysis with isoto-
pic correction and is corroborated by 1H-NMR analysis (Scheme 22.19).

The acquisition of cycloisomerization products without deuterium incorpora-
tion is inconsistent with a hydrometallative mechanism. Furthermore, the ab-
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Scheme 22.18 Reductive cyclization of 1,6-diynes.

Table 22.11 Reductive cyclization of assorted 1,6-diynes and 1,6-enynes.
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Table 22.12 Enantioselective reductive cyclization of 1,6-enynes.



sence of conjugated cycloisomerization products suggests �-hydride elimination
from metallocycle B. If indeed oxidative cyclization occurs initially to form me-
tallocycle B [17], subsequent hydrogenolytic cleavage must occur via: (i) hydro-
gen oxidative addition or (ii) hydrogen activation via �-bond metathesis [37c].
Whereas hydrogen oxidative addition to a Rh(III) metallocycle would afford a
Rh(V) intermediate, hydrogen activation via �-bond metathesis would not. In
either case, it would appear that C–C bond formation occurs in advance of hy-
drogen activation. Hydrogen oxidative addition followed by rhodium(V) metallo-
cycle formation is unlikely and, to our knowledge, without precedent. Finally, it
is worth noting that hydrogen oxidative addition is rate-determining for asym-
metric hydrogenations catalyzed by cationic rhodium complexes, which suggests
that the oxidative cyclization manifold may compete favorably with hydrogen
oxidative addition [28].

22.6
Conclusion

From the seminal studies of Sabatier [43] and Adams [44] to the more recent stud-
ies of Knowles [45] and Noyori [46], catalytic hydrogenation has been regarded as a
method of reduction. The results herein demonstrate the feasibility of transform-
ing catalytic hydrogenation into a powerful and atom-economical method for
reductive C–C bond formation. Given the profound socioeconomic impact of al-
kene hydroformylation, the development of catalysts for the hydrogen-mediated
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Scheme 22.19 Mechanistic studies involving hydrogen-
deuterium crossover experiments, along with the observance
of non-conjugated cycloisomerization products, suggest that
rhodium(III) metallocyclopentene formation occurs in
advance of hydrogen activation.



coupling of basic feedstocks, such as �-olefins and styrenes with aldehyde part-
ners, represents a paramount scientific challenge. The mechanistic underpin-
nings of these transformations have begun to unfold. Hydrogen-mediated enone
couplings require mild basic additives and, hence, likely involve heterolytic hydro-
gen activation by way of an intermediate dihydride. In contrast, the mechanistic
data linked to the reductive coupling of conjugated dienes, enynes, and diynes
to �-ketoaldehydes and related iminoacetates, along with data pertaining to the
reductive cyclizations of 1,6-diynes and 1,6-enynes, suggest oxidative coupling to
form metallacyclic intermediates which are then hydrogenolytically cleaved. This
oxidative coupling-hydrogenolysis motif should play a key role in the design of re-
lated hydrogen-mediated couplings. It is the authors hope that the emergent me-
chanistic principles gleaned from these initial studies will ultimately spawn a
broad new class of hydrogen-mediated C–C couplings.
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